The gyral topography of the ischaemic penumbra associated with middle cerebral artery occlu sion was studied in cats; local blood flow (hydrogen clearance, 2-min initial slope analysis), pial surface potassium activity (Kp), and electroencephalogram (EEG) am plitude were recorded on the ectosylvian, su prasylvian, and marginal gyri, Penumbral conditions were defined as a reduction of EEG am plitude in the absence of a major increase in Kp, Whole hemisphere cerebral blood flow prior to occlusion was 35,6 ± llA (SD) mll00 g-l min-1 (n = 25), and fell significantly (p < 0.001) to 13.0 ± 4.7 (SD), 14.1 ± 6.6, and 23.8 ± 9.3 on ectosylvian, su prasylvian, and marginal gyri, respectively. Pre-occlusion Kp was 3.0 ± 0.9 mM (n = 53); sustained, steady-state increases in excess of 11.5 mM occurred in 5 of 7 (71%) experiments on ectosylvian gyrus, in 13 of 22 (59%) ex-
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judged by large increases in extracellular potassium ion activity (Ke) (Astrup et al., 1977; . In baboons subjected to middle cerebral artery occlusion (MCAO) at normal systemic ar terial pressure, massive increases in Ke are con fined to the proximal sylvian opercula; it is only in this area that gross, homogeneous infarction is seen in subsequent histological studies of the ef fects of chronic occlusion (Symon and Brierley, 1976) . The range of blood flow associated with mas sive Ke increase in the baboon is 8-11 ml 100 g-l min-l , and the range of flow below which infarction was subsequently observed in acute studies by Morawetz et al. (1978) and by Tamura et al. (1980) was 12.5-15 ml 100 g-l min-l. A qualitative distinction may therefore be drawn between the degree of ischaemia associated with these major changes of "core" or "critical" (Hossmann and Schuier, 1980) ischaemia, and that associated with electrophysiological suppression and impairment of autoregulation. Territories sub ject to these latter, more superficial degrees of isch-aemia may be designated "ischaemic penumbra" (Astrup et aI., 1977) , and the degree of ischaemia "non-critical" (Rossmann and Schuier, 1980) . A knowledge of the properties and location of ischaemic penumbra in experimental models of focal ischaemia is required principally for the analysis of haemodynamic and metabolic factors influencing infarct size, and for the assessment of treatment regimens. The properties of such areas, when subject to protracted ischaemia, will deter mine their response to, for example, revascularisa tion, and such knowledge when applied in man may provide a basis for the selection of patients with fixed ischaemic neurological deficits for rev as cularisation procedures.
The purpose of the present studies was to estab lish the existence, extent, and gyral topography of the cortical ischaemic penumbra resulting from MCAO in the cat, by reference to the ectosylvian, suprasylvian, and marginal gyri; these gyri are oriented approximately circumferentially, and at re spectively increasing distances from the sylvian fis sure. Yamaguchi et ai. (1971) have demonstrated infarction in frontoparietal cortex and in basal gan glia and caudate nucleus in the cat MCAO prepara tion; therefore, we did not re-examine the topogra phy of recognised areas of core ischaemia in the present studies. The particular feature of the isch aemic penumbra on which a working definition was based in this and the accompanying paper (Strong et aI., 1983) is the selective suppression of electrophysical activity, with relative preservation of extracellular cation homeostasis as judged by Ke activity. In a total series of 49 experiments, grouped according to the protocols described below, elec troencephalogram (EEG) amplitude, potassium ion activity, and rCBF were measured before and dur ing 2 h of ischaemia. We have also examined the nature of penumbral change by reference to his topathology, water content, and synaptosomal neu rotransmitter uptake; these results are presented in the accompanying paper, and the validity of the present definition of penumbra will be reviewed in the light of these findings. The present communica tions include data which have been presented elsewhere in abstract form (Strong and Gibson, 1981; Strong et aI., 1981a,b) .
METHODS

Anaesthesia and preparation
In adult mongrel cats of either sex fasted overnight (weight 2.4-4.2 kg), anaesthesia was induced with 4% halothane in oxygen, and maintained with alpha-chlo ralose 60 mg/kg i.v. After endotracheal intubation, neu romuscular paralysis was induced and maintained with gallamine triethiodide: 100% O2 was delivered through a Starling pump adjusted to maintain P aC02 as near as possible to 30-31 mm Hg, and within the range 27-33. Body temperature was maintained within the range 37-38.5°C with a homeothermic blanket servo-controlled by rectal temperature probe. Bilateral femoral arterial and unilateral venous catheters were inserted. Mean arterial pressure and end-tidal CO2 were recorded con tinuously and arterial pH, Pac02, and Pao2 measured intermittently using an IL413 blood gas analyser. The proximal segment of the right middle cerebral artery was exposed immediately lateral to the optic nerve by the transorbital route and following baseline measurements was occluded for 2 h using a miniature Scoville clip. A disc of scalp centred to the right of the vertex was ex cised, and the brain exposed to the extent indicated in the descriptions below of individual group protocols. In open skull experiments the brain was protected with mineral oil which was maintained warm using an overtable lamp. Experiments were terminated by barbiturate overdose following excision of cortical biopsies.
Physiological variables
rCBF was measured at up to 12 surface sites by hydro gen clearance (Pasztor et aI., 1973) using 125 fLm platinum electrodes 1-1.5 mm in length. Following cessation of hydrogen inhalation for each clearance, a period of 40 s was allowed to elapse for recirculation, as indicated by arterial hydrogen concentration recorded by an intra aortic electrode in initial experiments. Clearances were analysed by the 2-min initial slope technique (Symon et aI., 1974) ; in the case of ischaemic blood flows, analysis was commenced with the linear segment of the semilogarithmic replot.
Pial surface potassium activity (Kp) was measured using miniaturised twin-barrelled ion-selective elec trodes, similar to those used by other authors (Crowe et aI., 1977; Astrup et aI., 1979) . Construction of the K+ selective barrels followed a method adapted from that of Fiedler and RfIL:icka (1973) . A mixture of 0.085 g polyvinylchloride (PVC), 0.0005 g sodium tetraphenylbo rate, 3.0 ml tetrahydrofuran (all from BDH, Poole, En gland), 0.004 g valinomycin, and 0.6 g dioctyladipate (both from Sigma Chemical Co., St. Louis, U.S.A.) was used to cause by controlled evaporation a 2-cm disc which was selectively permeable to K+. K+-selective membranes cut from this disc were applied to the tips of PVC tubes (1.0 mm ID, 2.0 mm OD) by one of two meth ods. Either the membrane was cut out with a cork borer and glued into place with PVC/tetrahydrofuran adhesive, or part of the master disc was redissolved in a minimum of tetrahydrofuran and allowed to run into place by capillar ity, to dry as a fine membrane. K+-selective barrels were filled with 150 mM KCI.
Reference barrels consisted of a glass tube (2.00 mm OD, 1.3 mm ID) with a porous ceramic cylinder (1.3 mm diameter) glued flush into the tip with Araldite® adhesive (Ciba-Geigy, Cambridge, England): the filling solution was 150 mM NaC!. The electrodes were suspended by springs in a twin-barrel configuration from high imped ance differential DC pre-amplifiers mounted in micro manipulators. These were adjusted to establish light electrode contact with the cortical surface. Each was calibrated at room temperature against 2,5, 10,20, and 50 mM KCI with NaCI to a total ionic concentration of 300 mM before and after each experiment. The calibrations were corrected to body temperature using the Nernst equation. The effect of Nat interference was negligible and the calibration lines were linear with Nernstian sen sitivity (mean slope of the 53 electrodes was 52 ± 7 (SD) mY/decade change in K+). Selectivity for K+ over Na+ was measured at 2500: I. The time for a 95% response to a square wave change in K+ was 2-3 s.
EXPERIMENT AL PROTOCOLS
Group 1 (n = 38) A right hemisphere craniectomy was carried out and the dura removed, exposing marginal (MG), su prasylvian (SG), and ectosylvian (EG) gyri over an anteroposterior distance of 2-2.5 cm centered over middle (horizontal) EG. rCBF was recorded on right EG, SG, and MG. Electrocorticographic (ECoG) electrodes were placed on right MG and in some cases also on SG and on left (control hemi sphere) MG. Kp was measured on one or two of the three gyri with emphasis on right SG and MG. In 16 animals, 40 ml 1.8% NaCI was infused intrave nously during a 2-h occlusion. In 10 animals, simi larly prepared, changes in Kp at occlusion were characterised and hypertonic infusions then com menced; only Kp data relating to the immediate ef fects of occlusion are presented here. A full mon tage of hydrogen and potassium electrodes was not necessarily used in all experiments.
Group 2 (n = 11)
In 11 experiments, 1-or 2.5-mm burrholes were made over combinations of right EG, SG, and MG, the dura opened, and Kp recorded on locally ex posed cortex; an ECoG electrode was placed adja cent, and the leads surrounded in the burrhole by a cuff of cellophane in . an attempt to minimise expo sure. Following baseline recordings and occlusion of the right middle cerebral artery, if Kp rose at either site to a steady state value greater than 10 mM, aramine was infused intravenously in order to enhance residual rCBF from collateral sources. This group of experiments is described in detail in the accompanying paper (Strong et al., 1983) , and data from the immediate pre-and post-occlusion phases in these experiments are included in the pres ent paper only insofar as they relate to the present topic, the gyral topography of changes in Kp and EEG following occlusion.
RESULTS
Arterial pressure and blood gases (Table 1) Mean arterial blood pressure (group 1) before oc clusion was 122 ± 29 (SD) mm Hg, and did not display any overall variation during occlusion. Mean PaC02 was 31.0 ± 3.9 (SD) mm Hg, and re mained stable during occlusion.
Regional cerebral blood flow (Table 1) In 23 experiments baseline values of rCBF are based on single determinations where P aC02 lay in the range 29-32 mm Hg. If the Paco2 was outside this range during the first clearance of hydrogen, the ventilator stroke volume was adjusted and the clearance repeated. In two experiments in which P aC02 values associated with the first and second clearances lay equally dispersed about 31 mm Hg, the mean rCBF from the two clearances was taken. Mean whole hemisphere control rCBF was 35.6 ml 100 g�l min�l ± 11.4 (SD) (n = 25); the value in an (25) " Values for initial, I-h and terminal flows are means of single clearances obtained nearest the phase indicated; initial clip flow was 4 ± 4 min after occlusion, 1 ha t 60 ± II min, and terminal at III ± 16 min. Mean occlusion flow was the mean of ,11 occlusion clear ances in each experiment.
b Initial occlusion values of rCBF were significantly different from control on all three gyri (p < 0.001) and the difference in initial oc clusion rCBF between marginal and suprasylvian was significant (p < 0.001) (paired t tests).
The number of experiments is given in parentheses. MABP, mean arterial blood pressure. initial subgroup of 8 experiments was 35.8 ± 12.0 ml 100 g-I min-I (Strong and Gibson, 1981) . Pre-occlu sion rCBF on EG, SG, and MG was 37.9 ± 11.8, 34.3 ± 19.7, and 33.9 ± 9.8 ml l00 g-I min-I, respectively.
Initial post-occlusion clearances (Table 1, Fig. 1 ) were read at a mean interval of 4 min following occlusion. Significance of differences in flow be tween gyri and with respect to control was tested by paired t tests. Post-occlusion rCBF was 13.0 ± 4.7 (SD), 14.1 ± 6.6, and 23.8 ± 9.3 ml l00 g-l min-I on EG, SG, and MG, respectively. The changes on all three gyri were significantly different from control (p < 0.001), and the difference between SG and MG was significant at the same level. The number of rCBF measurements carried out during occlusion was dependent on the degree of ischaemia and, as a consequence, on the time required for individual clearances. Mean mid-occlusion values in Table 1 were those recorded nearest to 60 min (± SD of 11) following occlusion; terminal occlusion values were recorded at III ± 16 min after occlusion. rCBF did not change significantly on EG or SG at mid-or terminal occlusion; however, flow on MG at middle and terminal phases was no longer significantly dif ferent from pre-occlusion values.
Pial surface potassium activity (Table 2) Data were obtained from a total of 24 experiments on MG, from 22 on SG, and from 7 on EG, and from animals in both experimental groups. In no case was more than one electrode placed on a single gyrus. Since baseline Kp derived from burrhole prepara tions (3.0 ± 1.0, n = 15 electrodes) did not differ from that in open skull preparations (3.0 ± 0.8, n = 38 electrodes), the data for EG, SG, and MG from both types of preparation have been pooled. Mean pre-occlusion Kp was 3.3 ± 1.2 (SD), 3.0 ± 0.9, and 3.0 ± 0.8 mM on EG, SG, and MG, respectively. During the control phase, spontaneous, transient elevations in Kp occurred in four studies on MG, and at the SG site in one of these experiments. Peak Kp during these transients lay within the range 4-6 mM .
At 10 sites (SG, 4; MG, 6) there was no change following occlusion. In the remainder, three pat terns of change in Kp were observed. First, gradual increases commencing at occlusion and stabilising at peak values in the range 11.5-58 mM (n = 20) were designated steady-state rises (Fig. 2) ; in some instances the time course appeared to comprise an initial slower phase of Kp increase, followed by one or more phases of accelerated increase towards higher values. In common with an earlier study (Branston et aI., 1977) , certain phases of these in creases appeared to be exponential.
Second, transient elevations ( Fig. 3) in Kp to 7.3 
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Values are means ± SD. The number of experiments is given in parentheses.
A. l. STRONG ET AL. ± 2.8 (SD) mM (n = 20) occurred, usually returning with apparently exponential time courses towards a new baseline somewhat higher than control (initial clip transients). Similar transient increases com mencing later than 2 min following occlusion were designated post-clip transients. Third, in three experiments small increases in steady state Kp were seen (EG, 1.5-4.3 mM and 3.9 to 5.2 mM; MG, 2.9 to 3.9 mM). Pre-occlusion values of Kp were stable, and we regard these small changes as valid observations; qualitatively, they would appear to resemble the second pattern of re sponse, differing only in respect of the absence of an associated transient increase to higher Kp.
On the EG, steady-state increases were observed immediately following occlusion to values of 11.5 mM or greater in 5 experiments, and to 4.3 and 5.3 mM in the remaining 2; in one of these latter there was a further delayed steady state increase to 26 mM without any antecedent change in systemic arterial pressure. Five experiments were in animals from group 2; in these, when it appeared that a steady-state increase to greater than 10 mM was in progress or established, aramine was infused intra venously in an attempt to reverse the increase and hence maintain penumbral conditions; the values to which Kp rose in these experiments cannot there fore be taken as representative of "asymptotic" Kp for this gyrus. The responses to aramine and the subsequent histological appearances of the cortex underlying these sites are described in the accom panying paper. In the two experiments in which aramine was not given, Kp rose to 34 and 5.3 mM.
On the SG, steady-state increases occurred in 13 of 22 experiments (59%). Two of these increases were deliberately aborted with aramine (group 2); in the remaining studies mean peak Kp was 34.0 ± 12.4 (n = 11) and fell in all studies to 19.2 ± 9.0 (n = 8) at 2 h (p < 0.001, n = 8). There was no discernible simultaneous recovery in rCBF (Fig. 1) . In five ex periments (23%) initial clip transients occurred, reaching a mean peak value of 8.0 ± 2.3 mM, and resolving to a new baseline of 3.8 ± 0.8 mM which was significantly elevated above control (p < 0.05). In all three of these five experiments in which the natural time course of Kp was not potentially influ enced by infusion therapy during ischaemia, post clip transients were observed. In the remaining four experiments on SG (18%), steady-state Kp did not rise either following occlusion or subsequently; however, post-clip transients occurred in two of these experiments, no transients having occurred during the control phase.
On the MG, substantial steady-state increases in Kp occurred in 2 of 24 experiments (8%), to 13.0 and 14.5 mM; this incidence is significantly lower than on SG (exact test, p = 0.0002). In 15 (63%), initial clip transients occurred to a mean peak am plitude of 7.1 ± 3.0 mM, resolving to a new baseline of 3.7 ± 0.9 mM, significantly higher than control (p < 0.05); post-clip transients occurred in 9 of 12 ex periments in which post-occlusion was not poten tially influenced by intra venous agents. Mean post-clip transient amplitude was 6.0 ± 3.0 mM; the mean number of transients occurring during occlu sion was 3.9 ± 2.2. Mean steady-state Kp on MG was 3.9 ± 1.1 mM after 2 h ischaemia, and was not significantly different from control. In 7 experi ments (29%) there was either no (n = 6) or minimal (n = 1, 1 mM) increase in Kp following occlusion from 2.6 ± 0.6 to 2.8 ± 0.8 mM.
Relationship of steady-state Kp rises with rCBF
The peak steady-state value of Kp during occlu sion was compared with mean gyrus flow (n = 1-3 hydrogen electrodes) immediately following occlu sion. The relationship of initial post-clip mean gyral Table 2 . A: Steady state rises were to peak values of at least 11.5 mM and showed little tendency to resolve (Fig. 2) . B: Initial clip tran sients were designated as those commencing within 2 min following MCAO. flow with peak Kp is indicated by the closed circles in Fig. 5 . There was a negative correlation of peak Kp with rCBF (p < 0.01). The flow intercepts for Kp = 3.0 and 13.0 mM were 18.5 and 15.9 ml 100 g-I min-I, respectively; however, no steady-state rise was observed at values of initial clip mean gyral flow greater than 14 ml 100 g-I min -I.
Relationship of transient Kp changes with rCBF
Data were available from 16 electrode sites on MG and SG, in 14 experiments (group 1) in which mean gyral flow and Kp were recorded. There was no significant relationship between initial clip flow and either transient amplitude or the Kp baseline preceding or following the transient. For reasons given in the discussion below, the half-time of clearance was not examined. Spontaneous tran sients also occurred prior to occlusion at 5 sites in 4 experiments in association with mean gyral flows of 30, 36, 22, and 27 ml 100 g-I min-I.
Following occlusion, initial clip transients were seen in association with rCBF values extending over the range 9-62 ml 100 g-I min-I; however, at 13 of 16 sites, rCBF was equal or greater than 17 ml 100 g-I min-I, and at the remaining 3 sites rCBF increased at the subsequent clearance to at least 14 ml 100 g-I min-I. The relationship between post transient steady-state Kp and rCBF is illustrated in Fig. 5 by the open circles. • peak steady state 6. transients; flow subsequently;;;' 14 ml 100 g-1 min-'
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FIG. 5. Relationships of peak steady-state Kp, and of initial and post-clip transient peaks and associated post-transient baselines with rCBF following occlusion. The parameters of linear regression of peak steady-state Kp (y) with rCBF (x) were y = 75.2 -3.9x, r = -0.68 (p < 0.01). In the case of three transients, flow at the subsequent clearance increased to 14 ml 100 g-1 min-' or greater.
Electroencephalogram
In initial studies of EEG activity in this prepara tion we attempted a global stage analysis (Prior et aI., 1978) , but in the course of the study it became clear that a reduction in amplitude of the time compressed voltage envelope recorded at chart speeds from 2.5-10.0 mm/min was present in each instance of change in global stage; in any event in the majority of our experiments pre-occlusion EEG patterns were classified as states 2 or 3, and were affected by the irregular spike activity characteristic of chloralose anaesthesia. We have therefore analysed our data using a single qualitative criterion of ischaemic change, reduction of the voltage en velope as judged visually; an example of such a change recorded from the MG is illustrated in Fig.  6 . We did not attempt to assign numerical values to the envelope amplitude on account of observer variability. No valid method was available in these experiments for the statistical analysis of short-term fluctuations in voltage.
In all studies on EG (n = 3) and SG (n = 9), marked reductions in voltage occurred at occlusion, and were sustained throughout 2 h of ischaemia. In 24 of 26 experiments on MG unequivocal, sustained reductions occurred; in one experiment voltage fell at MCAO and recovered to resemble control amplitude within the duration of occlusion, and in 1 experiment no change was demonstrable. In 16 ex periments in which an electrode was placed on the contralateral marginal gyrus, no change was seen in 10, but in the other 6 there was a transient reduction in amplitude at occlusion, with recovery within the period of occlusion. Simultaneous measurements of EEG amplitude and mean gyral flow following oc- clusion were available in 21 experiments (MG, 18; SG, 3) ; in 20, initial clip rCBF was equal to or less than 32 ml 100 g-l min-1 (control = 33.9 ml 100 g-l min-I). In one experiment EEG suppression was noted in association with mean gyral rCBF of 52 ml 100 g-I min-I. In 6 experiments an ECoG was re corded immediately adjacent to a Kp recording site at which no change in Kp occurred at occlusion: in all of these experiments reductions in EEG voltage were nevertheless observed.
DISCUSSION
The evidence for the existence of an ischaemic penumbra is based on both physiological and bio chemical data. In progressive focal initial ischaemia induced by a combination of MCAO and graded hypotension, Astrup et al. (1977) noted reduction of somatosensory evoked potential amplitude prior to major increases in steady-state Ke, and on this basis postulated the existence of dual flow thresholds, critical for function and viability at respectively higher and lower flows. Branston et al. (1977) sub sequently established the value of the flow thresh old associated with Ke fluxes greater than 10 mM in the cerebral cortex of baboons; the concept of sepa rate flow thresholds for somatosensory evoked po tential and Ke changes was also validated statisti cally. In the baboon, the flow threshold for Ke in crease is similar to post-occlusion values of rCBF in the proximal sylvian opercula, areas displaying gross, homogeneous infarction in subsequent his tological studies (Symon and Brierley, 1976) . This similarity suggested that large Ke fluxes either con tributed to an event associated with infarction or were an epiphenomenon which nevertheless indi cated the simultaneous occurrence of some other event with a more direct bearing on neuronal viabil ity. In the light of increasing emphasis on the pathological significance of the redistribution of calcium ion both in cerebral ischaemia and in epileptic seizures (Hass, 1981; Meldrum, 1981; Siesjo, 1981) , the latter interpretation appears more correct. The biochemical evidence which supports the concept, and may explain the nature, of isch aemic penumbra is reviewed in the accompanying paper (Strong et aI., 1983) .
The principal purposes of these studies were (1) to confirm that an ischaemic penumbra as we have defined it is demonstrable in the cat following MCAO, (2) to determine the topography of any penumbra in relation to specific gyri, and (3) to de termine the degree of confidence with which penumbral conditions may be predicted on any gyrus without the need for specific, routine studies of Kp or EEG.
Baseline conditions and interpretation of
Kp data
The mean values and standard deviation for pre occlusion steady state K+ homeostasis (3.0 ± 0.9 mM, n = 53) recorded noninvasively from the pial surface were fully comparable with those obtained in several studies using intracortical microelec trodes (Vyskocil et aI., 1972; Prince et aI., 1973; Branston et aI., 1977) . We have found no evidence of interference or artefact arising from the use of a paraffin pool surrounding the electrode site.
However, the extent to which Kp as measured by surface electrodes reflects the intracortical potas sium activity (for which the abbreviation Ke will be used) requires consideration. The rate of onset of transient Kp rises was comparable with that ob served for Ke (Branston et aI., 1977) ; although it would therefore appear that Ke and Kp quickly equilibrate, the peak values of transients recorded in our studies may nevertheless be lower than the corresponding intracortical values. In addition, since (in other experimental situations) high ampli tude (approximately 30 mM) increases in Ke are generally taken to indicate the arrival and transit of a wave of spreading depression and since the lower amplitude Kp transients we have seen may repre sent the movement of a similar wave of potassium efflux across the cortex, it is probable that the pat terns of onset and resolution kinetics of the Kp transients we have recorded are influenced by elec trode size, surface placement, and the orientation of the electrode pair with respect to the direction of any wave of K+ increase. We have not therefore analysed Kp transient clearance in these studies, but regard the occurrence of such transients as a qualitative marker of intracortical events indicating an intermediate level of disruption of K+ homeo-stasis. As regards comparison of Kp with Ke in the steady state, the rates at which Kp rose at the on sets, both of transients and of steady state increases (Figs. 2 and 3) , suggest that equilibration is rapid and that values of Kp in the steady state will closely reflect Ke.
In our opinion the potential contribution of cere brospinal fluid K+ to surface K+ recordings is un likely to be great, since the surface subarachnoid space will be obliterated even by light electrode contact. Furthermore, since a considerable cere brospinal fluid volume is withdrawn during the transorbital dissection, and since in addition some further slow leakage by this route occurs during the experimental phase, it is unlikely that cerebrospinal fluid is present beneath a surface electrode in suffi cient quantity to affect significantly the relationship between Ke and Kp either in the steady state or during K+ transients.
Pre-occlusion rCBF (35.6 ml 100 g-I min-I) was low relative to results in a number of other studies (MacKenzie et aI., 1979; Lewelt et aI., 1980; Tam ura et aI., 1980) . The contribution of slow clearing compartments to measurement of rCBF based on analysis by the initial slope method is well recog nised. In our initial experiments, 90% of 85 elec trode sites with pre-occlusion flows of 30 ml 100 g-l min-lor greater (2 min initial slope) displayed bi exponential clearance properties. The length of the electrodes used ranged from 1.0 to 1.5 mm, and the depth of the cortical mantle measured in sample ex periments was 1.6 mm. It therefore seems likely that the values obtained for pre-occlusion rCBF re flect the presence of a considerable proportion of white matter within the electrode fields. The con clusions of Young (1980) were similar. However, the degree of metabolic suppression associated with chloralose anaesthesia (McDowall, personal com munication) may also have contributed to a reduc tion in pre-occlusion blood flow. The most frequent pre-occlusion EEG pattern in our experiments con sisted of periods of rapid activity with occasional spikes, interspersed with brief (1 or 1-3 s) periods of electrical silence; this pattern suggests that a de gree of metabolic suppression may have been present.
Topography of penumbra: flow, Kp and EEG
The topographical distribution of flow reductions in this study corresponds well with that demon strated by Ginsberg and his colleagues (1976) using autoradiography. The data diverge principally with respect to the MG, the lower value in our study being due perhaps to a contribution from white matter clearance. Tamura et ai. (1980) studied this model using hydrogen clearance; the slightly lower flows in the present study may be due to the lower mean blood pressure in our cats (123 vs. 136.5 mm Hg) . Both the blood pressure and distribution of post-occlusion flows in our studies are in good agreement with those of Hossmann and Schuier (1980; Fig . 2) .
Sustained, steady-state increases in Kp to above 11.5 mM occurred on EG and SG with frequencies of 71 and 59%, respectively. In contrast, similar steady-state Kp increases on MG were very rare (2 of 24, 8%), but there was a high incidence (25 of 26) of EEG voltage reduction on this gyrus. EEG sup pression was seen in all studies on EG (n = 3) and SG (n = 9), but since our principal aim was to locate an area with consistent EEG suppression but nor mal Kp, the majority of EEG data were recorded from MG, and we conclude that penumbral condi tions as we have so far defined them are to be ex pected in this gyrus in approximately 88% (23 of 26) of experiments.
The localization of ischaemic penumbra on MG in this preparation may at first sight appear somewhat high on the hemisphere, both in relation to vascular anatomy and in comparison with the location of penumbra on the post-central gyrus following MCAO in the baboon (Astrup et aI., 1977) . It may, for example, be argued that the marginal gyrus lies within the territory of the anterior cerebral artery. However, it follows from the existence of the lep tomeningeal collateral circulation that only a corti cal territory situated adjacent to a major branch of the Circle of Willis can be considered to derive its blood supply exclusively from that artery. The paras agittal , surface aspect of the MG which we have studied lies parallel with a distal segment of anterior cerebral artery and lies some 10 mm from the vessel. The parasagittal aspect of MG may, therefore, represent a watershed between middle and anterior cerebral territories. The reductions in CBF recorded on MG may reflect either ischaemia, or flow reduction secondary to transneuronal func tional suppression (diaschisis). These alternative interpretations are discussed in the accompanying paper (Strong et aI., 1983) .
The difference in penumbra location between cat (parasagittal) and baboon (convexity) may relate to the use of amplitude of EEG rather than of evoked potential as a criterion of electrophysiological sup pression. The data of Ishikawa and McDowall (1980) would predict virtual abolition of EEG activ ity at 20-25 ml 100 g-l min-1 (krypton-85). The confidence limits of this intercept were not stated, but this range of flows is comparable with that on the MG in our studies. In contrast, somatosensory evoked potential amplitude is affected in the pri mate only when flow falls below some 16 ml 100 g-I min-I (Branston et aI. , 1974) . The reduction in EEO amplitude observed on the left (control hemisphere) MO in some 40% (6 of 16) experiments appears most likely to represent an example of diaschisis.
Effects of occlusion on Kp and relationships with blood flow
On the basis of these results we distinguished three patterns of response of Kp to occlusion. First, with frequencies of 29% (7 of 24) on MO and 18% (4 of 22) on SO there is no change greater than 1 mM. Second, a spontaneous transient increase to a peak value of 7. 3 ± 0. 3 mM (range 4.1-16. 5) may occur following occlusion, with a frequency of 63% (I5 of 24) on the MO and 23% (5 of 22) on the SO; for the reasons given above, the true amplitude of these transients was most probably higher, and they re sulted in significantly elevated baselines at 3. 7 (MO) and 3.8 mM (SO) (paired t tests, p < 0. 05). The maximum steady-state increase following resolution of transients was to 5. 5 mM. In the light of histo logical changes in MO reported in the accompany ing paper, we suggest that even small changes in steady-state Kp of the order of 5 mM may represent significant disruption of homeostasis; however, on account of probable differences in associated Ca2+ homeostasis (discussed below), such changes are to be regarded as qualitatively different from steady state values of K+ exceeding 11. 5-13 mM.
As a continuation of the second pattern of Kp response, spontaneous transients occurring during the ischaemic period but subsequent to the immedi ate post-occlusion period of 2 min were observed in association with mean gyral flows within a very wide range, extending from 9 to 62 ml 100 g��1 min-I; at 13 of 16 electrode sites displaying such recurrent transient activity, flow was greater than 17 ml 100 g-I min-I and at the remaining sites (flow 9-13 ml 100 g-I min-I) flow when next measured was equal to or greater than 14 ml 100 g-I min-I. Thus tran sient activity is largely seen only when flow remains near or above the flow threshold which we identify for increases in Kp above 13 mM. However, flow reduction was not a necessary or sufficient condi tion for initiation of Kp transients since they were seen at levels of flow above the mean control value and did not invariably occur during ischaemia. Their incidence was, however, increased by occlu sion, and some factor other than flow reduction in the electrode field appears to be responsible. Any explanation offered must be speculative; we suggest that the spontaneous Kp transients occurring at the onset of ischaemia represent initiation at the elec- 1983 trode site of a phenomenon resembling spreading depression, whereas transients occurring subse quently and particularly those associated with nor mal flows represent arrival of similar, propagated changes arising from neighbouring areas of lower flow. Such areas are most likely to be the adjacent gyrus (SO or EO) nearer the sylvian fissure: how ever, the demonstration in the accompanying paper of microfoci of ischaemic cell change in MO sug gests that some K + transients might originate in this gyrus.
The observation of spontaneous transient in creases in Kp at relatively superficial degrees of ischaemia and their clearance to elevated baselines thus suggests an early disturbance of ionic homeo stasis simultaneous with changes in electrophysio logical activity. Similarly, studies now in press (Branston et aI. , 1982) demonstrate prolongation of the half-time clearance of local stimulation-induced Ke transients at prestimulus flows in the range 30-40 mV100 g/min.
The third principal pattern of response of Kp to occlusion was the establishment of a sustained, steady-state rise to 11. 5 mM or greater occurring in 5 of 7 (61%) experiments on EO, 13 of 22 (59%) on SO, and 2 of 24 (8%) on MO. Our failure to ob serve steady-state values between 5. 5 and 11. 5 mm is in accordance with the observations of Lothman et al. (1975) , who studied the effects of local stimu lation on cerebral cortex in the cat. We did not ob serve steady-state Kp values above this range when mean gyral flow exceeded 14 ml 100 g-I min-I. Therefore, this figure would appear to represent a value of blood flow below which K+ clearance mechanisms are no longer able to achieve the res olution of transient increases of the type seen in association with values of flow above this level. In the baboon, simultaneous measurements of Ke and Ca2+ at the same intracortical locus using tri ple barrel microelectrodes demonstrate a reduction in extracellular Ca2+ activity which commences when Ke reaches 13.4 mM (Harris et aI. , 1981) . In the flow/Kp (steady state> 13 mM) relationship demonstrated in Fig. 5 , a flow threshold for Kp increase may be sought from the intercept either when Kp = 13 mM, or, by extrapolation, when Kp = 3 mM. In the light of the change in Ca2+ at K+ = 13 mM, we suggest that the relationship between flow and steady-state Kp cannot be pre sumed to hold when Kp is lower than 13 mM. We suggest that this, rather than 3 mM, is the appropri ate intercept for examination, the value for rCBF at Kp = 13 mM being 15.9 ml 100 g-I min-I. This value is close to the flow range of 10-15 ml 100 g-I min-I below which Hossmann and Schuier (1980) found marked increases both in water content and in the ratio of sodium to potassium in the same species and experimental model. It is also comparable with, or a little higher than, the proposed threshold for infarction as defined by gross homogeneous histo logical change (12.5 ml 100 g-l min-I) (Morawetz et aI., 1978; Tamura et aI., 1980) . With regard to the general effects of ischemia on K+ homeostasis, it therefore seems appropriate to make a qualitative distinction between steady-state K + values above 13 mM (critical/core ischaemia), and those lying between control and values of approximately 5.5 mM (penumbra); the histological findings reported in the accompanying paper suggest that there is a parallel difference in the extent and homogeneity of ischaemic cell change.
Comparison of the flow threshold of 15.9 ml 100 g-l min-l which we have derived for large steady state rises in K + in the cat with the value of 8 -11 ml 100 g-l min-1 for the baboon (Branston et aI., 1977) and the threshold of 24 ml 100 g-l min-1 for consis tent histological change in the rat (MCAO, Tamura et aI., 1981) suggests a species-related hierarchy of flow thresholds for a single pathophysiological event. Tamura and his colleagues suggested that neuronal packing density may be one factor causing species variations in flow threshold for the occur rence of brain damage. It is of interest, but may be coincidental, that the species ranking for flow threshold which now emerges (baboon-cat-rat) is similar to that for glial/neuronal ratio (Tower and Young, 1973) . Further caution in the pursuit of this line of argument is necessary since the flow data on which the comparison is based were obtained by different methods (hydrogen clearance and au toradiography). However, the potential existence of species differences in flow threshold for a single event marking a transition from penumbral to core ischaemia suggests that a definition of penumbra in terms of the event is likely to be more generally applicable than one specified in terms of rCBF. The specification of the superficial, or topographically peripheral, limit for "penumbra" will be considered in the accompanying paper (Strong et aI., 1983) .
In conclusion, we have demonstrated consistent EEG suppression in association with mild reduction in flow on the MG in the cat MCAO preparation. The most frequent (63%) change in K+ homeostasis in this gyrus was a transient, self-limiting increase in Kp resolving to a significantly higher (1 mM) baseline, followed in some cases by recurrent Kp transient activity. In 29% of experiments, no change in Kp occurred on this gyrus and in only 8% of experiments were steady state increases observed. We therefore conclude that in this preparation the MG is the principal or most consistent site of isch aemic penumbra as defined by EEG suppression in the absence of sustained steady-state rises in Kp of 11.5 mM or greater. The presence of microfoci of ischaemic cell change on this gyrus (Strong et aI., 1983) supports this conclusion. In some 40% of ex periments the effect of occlusion on Kp was similar (that is, no change or transient activity) on the SG; this frequency is clearly insufficient to permit the routine designation of SG as penumbra in this model of focal ischaemia, although this may be possible on the basis of Kp measurements in individual experi ments.
